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             THE tight junctions (TJs), present on epithelial and en-
dothelial cells, are the apical-most structures of these 

cells and have crucial roles in providing a regulated bar-
rier to paracellular transport between different fl uid com-
partments ( 1 , 2 ). In addition, TJs are important in the 
maintenance of cell polarity through their ability to pro-
vide a fence function, restricting lateral diffusion in the 
plasma membrane ( 3 , 4 ). A number of proteins have been 
reported to be structural components or associated with 
TJs ( 1 , 2 ). In particular, occludin and claudin proteins are 
transmembrane proteins that are believed to have crucial 
roles in TJ formation and function. Although TJs can form 
in the absence of occludin, claudins are thought to be es-
sential components of the TJ, forming the backbone of the 
structures ( 1 , 2 ). The claudin family of proteins consists of 
at least 23 members, and several studies have attributed 
the presence of particular claudin isoforms as the underly-
ing basis for tissue-specifi c differences in permeability 
( 2 , 5  –  7 ). 

 Diverse expression patterns of claudins in normal liver, 
kidney, and pancreas have been reported ( 8  –  11 ). Within any 
given tissue (with heterogeneous epithelial populations), 
claudin expression can be highly heterogeneous as well. For 
example, in pancreas, claudin-2 is located in the TJ of the 
duct epithelia while being absent in acinar cells ( 8 ). This 
pattern was inverted for claudin-5, whereas claudin-3 and -4 
were expressed in the junctions of both cell types. In the 
liver, TJs play a crucial role in maintaining polarity among 
hepatocytes, and a previous study has shown a gradient ex-
pression of claudin-2 from portal to central hepatocytes ( 8 ). 
In the kidney, at least 11 different claudins are known to be 
expressed in various segments of the nephron ( 11 ). This 
claudin expression pattern is believed to be responsible for 

the unique permeability properties of various nephron seg-
ments and is therefore crucial for normal kidney function. 

 In the past several years, a large number of studies have 
demonstrated important roles for TJs in a number of physi-
ological processes such as proliferation, differentiation, and 
immune functions ( 1 , 12 ). The importance of these functions 
is emphasized by the knockout of several TJ proteins, in-
cluding claudin. For example, mice lacking functional 
Cldn1 die within 1 day of birth due to dehydration of the 
skin ( 13 ). Interestingly, Cldn6 transgenic mice exhibit a 
similar phenotype ( 14 ). Cldn5-defi cient mice also die within 
days following birth and exhibit loosening of the blood –  
brain barrier ( 15 ). In humans, a number of diseases have 
been shown to be due to mutations in claudin genes. In par-
ticular,  CLDN1  mutations have been shown to be associated 
with neonatal sclerosing cholangitis, probably because of 
decreased TJ functionality in the bile duct ( 16 ). In addition 
to these clear genetic studies, a large number of studies have 
implicated the deregulation of claudin expression in a num-
ber of conditions, including cancer. For example, aberrant 
expression of  CLDN3  and  CLDN4  has been shown in ovar-
ian, breast, prostate, and pancreatic cancers ( 17 ). 

 TJ barrier function has been shown to be compromised 
during aging. Indeed, age-related increased leakiness of TJs 
and/or alterations in their biochemical components have 
been reported in the blood – brain barrier ( 18  –  20 ), lung ( 21 ), 
epididymis ( 22 , 23 ), kidney ( 24 , 25 ), and perineurium ( 26 ). 
However, the exact mechanisms that lead to this decrease in 
barrier function and whether this decrease in function can 
account for some of the aging phenotype remain to be deter-
mined. In this report, we study the levels of several key 
claudins in three different tissues of aging mice. We fi nd 
that claudin expression is generally reduced with aging in 
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all three tissues studied, providing a possible mechanism 
for the decrease in barrier function observed in various 
tissues of older individuals.  

 M aterials   and   Methods   

 Antibodies 
 For the immunohistochemistry experiments, polyclonal 

rabbit anti-claudin-1, -2, -3, -5, and -7 antibodies were pur-
chased from Zymed (South San Francisco, CA) and rabbit 
anti-claudin-4 antibody from Abcam (Cambridge, UK). For 
immunoblotting, the following antibodies were used: anti-
claudin-1 from Invitrogen (Camarillo, CA), anti-claudin-4 
and anti glyceraldehyde 3-phosphate dehydrogenease 
(GAPDH) from Abcam, and anti-E-cadherin from BD 
Transduction Laboratories (San Jose, CA).   

 Tissue preparation and tissue microarray construction 
 As part of the National Institute on Aging Agemap 

project ( 27 ), male and female C57BL/6 mice were obtained 
from the NIA colony at 1 month, 6 months, 16 months, and 
24 months of age. The liver, kidney, and pancreas were har-
vested from the mice and the tissues were fi xed in formalin 
and embedded in paraffi n. For each paraffi n block, three 
0.9-mm punches were taken and arrayed. The array was 
then embedded in paraffi n, and 5- m m sections of the tissue 
array were cut and mounted onto glass slides.   

 Immunohistochemistry 
 The tissue microarray (TMA) slides were deparaffi nized 

in xylene for 10 minutes followed by rehydration in graded 
ethanol (100%, 95%, 85%, and 75%) for 5 minutes each and 
washed in water. Antigens were exposed to heat using Target 
Retrieval Solution (Dako, Carpinteria, CA). Antigen-bound 
primary antibody was detected using streptavidin –  biotin im-
munoperoxidase complex (Ultravision detection system; Lab 
Vision, Fremont, CA) and visualized using diaminobenzi-
dine as chromogen. Nuclei were counterstained with hema-
toxylin. The antibodies against claudin-1, -2, -3, -4, -5, and -7 
were applied at concentration of 5  m g/mL. For negative con-
trols, absence of primary antibodies processed in parallel 
showed no positive staining. Images were acquired by Axio-
vision 3.1 software on a Zeiss Axiovert S100 microscope 
under 10× objective lens (Carl Zeiss, Thornwood, NY).   

 Protein expression scoring and analyses 
 Acquired images from TMA slides, using Zeiss 

Axioplasm (10×) were scored for protein expression using 
MCID core 7.0 version software (Interfocus Imaging, Cam-
bridge, UK) whereby the staining was quantifi ed and as-
signed arbitrary units. As previously reported ( 28 ), this 
approach can provide highly reproducible and reliable im-
munohistochemistry (IHC) staining assessment. The tissues 

from young and old mice, an average of three females and 
three males were used for analyses and three punches were 
taken from each tissue. For statistics, we used Student ’ s  t  
test, two-tailed distribution.   

 Tissue fractionation and immunoblotting 
 Kidney and liver tissues from young (2-month-old) and 

old (17-month-old) mice were removed and immediately 
snap frozen in liquid nitrogen. The frozen tissues were then 
pulverized in a dry ice-cooled ore crusher. A portion of the 
tissue was then homogenized in 1 mL of cold buffer A (20 
mM Tris, 10 mM ethylene glycol tetraacetic acid, 2.0 mM 
sodium ethylenediaminetetraacetic acid, 250 mM sucrose 
with Protease Inhibitor Cocktail Set III [Calbiochem, San 
Diego, CA] at 1:100 dilution, and Phosphatase Inhibitor 
Cocktail I [Sigma-Aldrich, St Louis, MO] and Phosphatase 
Inhibitor Cocktail II [Sigma-Aldrich, St Louis, MO] each at 
1:100 dilution). The samples were sonicated for 1 minute at 
a low setting on ice and spun at 120,000  g  for 1 hour at 4°C. 
The supernatant was collected as the cytosolic fraction and 
frozen immediately. One milliliter of cold buffer A + 1.0% 
Triton-X with the above protease and phosphatase inhibi-
tors was used to resuspend the pellet containing the mem-
brane fraction. This suspension was placed in an end-over-end 
shaker at 4°C for 1 hour and spun at 120,000  g  for 60 min-
utes at 4°C. The supernatant was collected as the membrane 
fraction. All protein fractions were quantitated using the 
Bio-Rad Bradford protein assay reagent (Bio-Rad, Hercules, 
CA). The protein fractions were run on a 14% sodium dode-
cyl sulfate – polyacrylamide gel electrophoresis and immu-
noblotting performed as previously described ( 29 ).    

 R esults   

 Claudins in aging liver 
 To investigate the changes in claudin expression that 

occur in the aging liver, liver tissues of young adult mice 
(6 months old) as well as older animals (24 months old) were 
studied by IHC for the presence of six different claudin pro-
teins (claudin-1, -2, -3, -4, -5, and -7)( Figure 1 ).  Figure 1A  
shows an example of claudin-3 staining in mouse liver at 6 
and 24 months and demonstrates a signifi cant decrease in 
older animals. Interestingly, much of the staining was de-
tected in the cytoplasm. Quantitation of the IHC staining for 
all the claudins studied revealed the most signifi cant changes 
in claudin expression to be decreases in claudin-3 and -4 in 
the liver of older mice ( Figure 1B ). Indeed, the levels of these 
claudins were reduced by more than fi vefold in the hepato-
cytes of both male and female mice. Claudin-1 was found to 
be signifi cantly upregulated in both older males and females, 
although the effect was more pronounced in females. Claudin-5 
was elevated in the liver of older female mice. Claudin-2 and -7 
did not appear signifi cantly affected by aging in either sexes 
between 6 and 24 months.     
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 When looking at claudin expression at intermediate time 
points and as a composite of male and female mice, we 
found similar trends ( Figure 1C ). Both claudin-3 and -4 
were decreased in older mice (16 and 24 months old) com-
pared with younger mice (1 and 6 months old). Claudin-1 
was strongly elevated at 24 months although the 16-month 
time point did not exhibit this increase. Claudin-7 appeared 
mostly unaffected by aging except for a noted decrease at 
16 months. The other claudin staining did not exhibit sig-
nifi cant changes. When males and females were taken as a 

group, the change in claudin-5 was not found to be signifi -
cant, probably because of the fact that the change was only 
observed in females ( Figure 1B ).   

 Claudins in aging kidney 
 Kidney tissues (from the medulla) were then studied for 

changes in claudin expression in aging ( Figure 2 ). Similar 
to our previous observations in liver, we found claudin-1 
elevated and claudin-3 and -4 signifi cantly decreased in the 

  

 Figure 1.        Immunohistochemistry analysis of selected claudins in aging mouse liver. ( A ) Representative staining for claudin-3 from liver sections of 6- and 
24-month-old male mice. ( B ) Effects of aging on the expression of the indicated claudins. Results shown were quantitated using the MCID image analysis software 
and represent the average of nine sections (three liver punches from three mice) (* p  < .05, ** p  < .001; brackets show the signifi cance between age groups (both male 
and female) and the absence of a bracket indicates signifi cance for one gender within the age group). The staining data are shown as arbitrary units (A.U.). Results 
are shown for 6- and 24-month-old mice. Black bars represent males and gray bars females. Claudin-3 and claudin-4 were signifi cantly decreased in both male and 
female mice. Claudin-1 was increased in both males and females. ( C ) The effect of age and gender on claudin expression in mouse liver. The expression of the 
indicated claudins was examined in the liver of 1-month-old (1M), 6-month-old (6M), 16-month-old (16M), and 24-month-old (24M) mice. Again, claudin-3 and 
claudin-4 showed a signifi cant decrease in older mice.    
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kidney of older mice ( Figure 2B ). However, in contrast to 
what we observed in liver, kidney claudins-2, -5, and -7 
were also decreased signifi cantly in older mice. Among the 
claudins studied, claudin-5 was the only claudin expressed 
in the glomeruli. Interestingly, we observed that claudin-5 
staining was intense in the glomeruli of younger mice, but 
absent in older mice. As was observed in the liver, generally, 
the claudin staining appeared most intense in the cytoplasm 
of hepatocytes.     

 The same trends were observed when male and female 
mice were evaluated as a group ( Figure 2C ). Except for 

claudin-1, which exhibited an increase at 24 months, all 
the claudins were generally decreased in older mice (16 
and 24 months old) compared with the younger mice 
(1 and 6 months old).   

 Claudins in aging pancreas 
 The impact of aging on pancreatic claudin expression was 

then evaluated ( Figure 3 ). Claudin-4 was found expressed at 
relatively high levels in acinar cells of young mice and was 
signifi cantly decreased in 24-month-old animals ( Figure 3A ). 

  

 Figure 2.        Immunohistochemistry analysis of selected claudins in aging mouse kidney. ( A ) Representative staining for claudin-3 from kidney sections of 6- and 
24-month-old male mice. Claudin-3 shows a signifi cant decrease in older mice. ( B ) Effects of aging on the expression of the indicated claudins. Results shown were 
quantitated using the MCID image analysis software and represent the average of nine sections (three kidney punches from three mice) (* p  < .05, ** p  < .001; brack-
ets show the signifi cance between age groups (both male and female) and the absence of a bracket indicates signifi cance for one gender within the age group). The 
staining data are shown as arbitrary units (A.U.). Results are shown for 6- and 24-month-old mice. Black bars represent males and gray bars females. Claudin-2, -3, 
-4, -5, and -7 were signifi cantly decreased in both male and female mice. Claudin-1 was increased in both males and females. ( C ) The effect of age and gender on 
claudin expression in mouse liver. The expression of the indicated claudins was examined in the liver of 1-month-old (1M), 6-month-old (6M), 16-month-old (16M), 
and 24-month-old (24M) mice. The same trends were observed when these additional time points were studied.    
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The pancreatic tissue punches observed did not have repre-
sentative areas of the islet of Langerhans for all ages and 
hence were not included in the analysis. In addition to 
claudin-4, the levels of most claudin decreased signifi cantly 
with age, except for claudin-2 and -7 where the decrease 
was observed only in females ( Figure 3B ). Again, when the 
male and female mice were examined as group at multiple 
points, most claudins exhibited a trend toward being 
expressed at lower levels in aged animals ( Figure 3C ). Overall, 
much of the claudin staining was cytoplasmic.       

 Validation of staining patterns by immunoblotting 
 To validate the staining patterns observed by immunohis-

tochemistry, we next performed immunoblotting for two 
claudins (claudin-1 and claudin-4) on kidney and liver 
tissues from young (2 months old) and old (17 months old) 
mice ( Figure 4 ). Furthermore, to clarify the subcellular 
ocalization of these claudins, cellular fractionation was 
performed on the lysates and E-cadherin as well as GAPDH 
were included for membrane and cytoplasmic staining con-
trols, respectively. In kidney, the claudin-1 levels were found 

  

 Figure 3.        Immunohistochemistry analysis of selected claudins in aging mouse pancreas. ( A ) Representative staining for claudin-4 from pancreas sections of 
6- and 24-month-old male mice. Claudin-4 is clearly reduced in older mice. ( B ) Effects of aging on the expression of the indicated claudins. Results shown were 
quantitated using the MCID image analysis software and represent the average of nine sections (three pancreas punches from three mice) (* p  < .05, ** p  < .001; 
brackets show the signifi cance between age groups (both male and female) and the absence of a bracket indicates signifi cance for one gender within the age group). 
The staining data are shown as arbitrary units (A.U.). Results are shown for 6- and 24-month-old mice. Black bars represent males and gray bars females. Claudin-1, 
-3, -4, and -5, and claudin-4 were signifi cantly decreased in both male and female mice. Claudin-2 and -7 were signifi cantly decreased in females. ( C ) The effect of 
age and gender on claudin expression in mouse liver. The expression of the indicated claudins was examined in the liver of 1-month-old (1M), 6-month-old (6M), 
16-month-old (16M), and 24-month-old (24M) mice. All the claudin examined tended to be decreased in the pancreas of older mice.    
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in the liver of old animals. Similar to what we have observed 
in the kidney, claudin-1 appeared to be located mostly at 
the membrane, although claudin-4 was predominantly 
cytoplasmic.    

 D iscussion  
 Cellular senescence is a growth arrest program that limits 

the lifespan of mammalian cells and prevents unlimited cell 
proliferation. Although this process may be crucial in pro-
tecting organisms from cancer, it likely plays a signifi cant 
role in aging ( 30 ). Aging in multicellular organisms is char-
acterized by a progressive decline in multiple tissues and 
organs, ultimately leading to the death of the organism. The 
process of aging is now regarded as an extremely complex 
multifactorial phenomenon, and a full explanation of aging 
will likely involve multiple mechanisms operating at mul-
tiple levels of organization. At the cellular levels, the senes-
cence theory, the oxidation theory, the  “ wear and tear ”  
theory, and the apoptosis theory have all been proposed to 
explain tissue degeneration ( 31 ). These theories are not mu-
tually exclusive and the process of aging is likely caused by 
multiple mechanisms. It has previously been suggested that 
one possible mechanism for tissue degeneration in aging is 
the decline in TJ integrity ( 32 , 33 ). In addition, it has been 
hypothesized that the increased systemic infl ammation ob-
served in aging may be due to a functional decline in TJ 
( 34 ). The reduction in TJ function may be due to multiple 
factors, including a reduction or inappropriate expression of 
TJ components. Here, we show that several claudin proteins 
we studied were decreased during aging in three different 
tissues in mice. In particular, claudin-3 and -4 were de-
creased in all three tissues examined, whereas claudin-2, -5, 
and -7 were decreased in two of these tissues. Claudin-1 
appeared to be an exception and was actually elevated in 
liver and kidney, and decreased in the pancreas. Overall, the 
picture that emerges is that claudin expression is signifi -
cantly decreased in several aging tissues, suggesting a 
mechanism for a decrease in TJ function in aging. 

 Interestingly, much of the claudin IHC staining observed in 
the tissues included in this study is cytoplasmic ( Figures 1A , 
 2A , and  3A ). Cellular fractionation and immunoblotting 
confi rmed this fi nding for claudin-4 in the kidney and liver of 
young mice ( Figure 4 ). Although crucial in the formation and 
function of TJs, it has previously been shown that, under certain 
circumstances, claudin proteins can localize to the cytoplasm 
( 35  –  37 ). The cytoplasmic localization may be important 
for the modulation of claudin function and has been shown 
to be regulated, at least in part, through phosphorylation 
( 29 , 35 , 38 , 39 ). A cytoplasmic pool of claudin proteins may 
allow for rapid assembly of TJ structures in response to spe-
cifi c stimuli. A decrease in cytoplasmic claudins, as observed 
here in aging mice, may have a detrimental effect on the ability 
of the tissues to respond to changes in their environment and 
to adjust their barrier and reabsorptive properties. In any case, 

elevated in older mice compared with the 2-month-old 
animals ( Figure 4A ). This result was consistent with our 
IHC fi ndings ( Figure 2B ). The claudin-1 staining was mostly 
found at the membrane, although some signal was detected 
in the cytoplasmic fraction in the kidney of younger mice. 
However, this positive signal may have been due to some 
contamination, as suggested by the E-cadherin control 
included. In contrast, claudin-4 was markedly decreased in 
the kidney of older animals, which was consistent with our 
IHC results ( Figure 2B ). Interestingly, the claudin-4 protein 
in the kidney of young mice appears to be almost entirely 
cytoplasmic.     

 By immunoblotting, claudin-1 did not appear to be sig-
nifi cantly altered in the aging liver ( Figure 4B ). In contrast, 
claudin-4 was decreased to a point of being nondetectable 

  

 Figure 4.        Cellular fractionation and immunoblotting of aging mouse tissues. 
Kidney ( A ) and Liver ( B ) tissues were fractionated into cytoplasmic (c) 
and membrane (m) components before being run on sodium dodecyl sulfate –
 polyacrylamide gel electrophoresis. Claudin-1 (Cldn1) and claudin-4 (Cldn4) 
expression patterns were observed. The lysates were also probed for glycer-
aldehyde 3-phosphate dehydrogenease (a cytoplasmic control) and E-cad-
herin (a membrane control). Claudin-1 is located predominantly in the 
membrane fraction and is increased in the kidney of older animals. Claudin-4, on 
the other hand, in mostly cytoplasmic and is decreased in both the kidney and 
liver of older mice.    
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little is known about the exact roles of cytoplasmic claudin, 
although the current study reaffi rms the presence of these 
proteins in the cytoplasm of various normal tissues. 

 Although there is a possibility that all TJ proteins are 
decreased nonspecifi cally during aging, the fact that certain 
claudins are elevated or unchanged in certain tissues argues 
against this possibility. It is well accepted that a change in 
claudin composition can greatly affect TJ functionality. It 
will therefore be important to ascertain these issues experi-
mentally by manipulating claudin expression in the relevant 
tissues. For example, it would be extremely interesting to 
assess the effects of claudin-3 and claudin-4 reduction in 
normal liver, pancreas, and kidney using tissue-specifi c mouse 
transgenic knockouts. It may also be interesting to investigate 
claudin expression in calorie-restricted mice or midi-mice. 

 The complex claudin distribution observed in various tis-
sues has been interpreted as playing a major functional role 
( 8  –  11 ). Consequently, changes in the amounts and/or ratios 
of these claudins would signifi cantly affect the barrier prop-
erties and functionality of these tissues. Consistent with this 
hypothesis, it was recently shown that an increase in clau-
din-2 in hepatocytes was associated with an enhanced barrier 
function that depended on molecular size ( 40 ). In addition, 
several mouse knockout models have demonstrated the im-
portance of claudins in normal tissue homeostasis ( 13 , 15 , 41 ). 
Further experiments will be necessary to clearly establish the 
effects of the changes we have observed. We hypothesize 
that the alterations we report here account for some of the 
changes observed in TJ properties during aging. Although 
limited to three tissues (kidney, liver, and pancreas), this sur-
vey provides trends that we believe are likely to be preserved 
in several other tissues. It will be interesting to examine ad-
ditional organs and tissues in mice as well as in humans for 
similar changes in claudin expression during aging. 

 In summary, we show for the fi rst time that aging in mice 
is accompanied by a decrease in several claudins in multiple 
tissues. We hypothesize that some of the age-related changes 
in TJ function may be due to alteration in claudin expression 
in aging. A better understanding of the molecular changes 
that occur during aging may provide new opportunities to 
slow the aging process, or treat age-related diseases such as 
hypertension, atherosclerosis, kidney failure, and cancer.   
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